The Flory-Huggins theory was used to model the phase behaviour of linear low density polyethylene-citronellal binary mixtures. The model parameters were obtained from fitting the bimodal phase envelope using data points from cloud point determinations. This allowed the prediction of the melting point depression curve as well as the location of the spinodal region. A microporous polyethylene matrix was obtained by quenching homogeneous liquid mixtures at temperatures well below the spinodal phase boundary. This strategy makes it possible to trap, and effectively solidify, large amounts of citronellal in a polyethylene (LLDPE) matrix. This has potential implications for the development of long-lasting insect repellent bracelets and anklets.
Introduction
Thermally induced phase separation (TIPS) [1, 2] can yield microporous polymer structures that are of practical interest [3] . Many different shapes and forms, e.g. films, sheets, blocks, and more intricate shapes can be made from thermoplastic polymers such as polyolefins. The process yields relatively homogeneous, three-dimensional cellular structures with the cells interconnected by small pores [4] . Microporous polyolefin structures have been studied extensively for numerous reasons including the fact that they represent a low cost option [5] [6] [7] .
The TIPS process [1] involves heating a polymer-diluent mixture to a sufficiently high temperature where it forms a single homogenous phase. The diluent is usually a low molecular weight, high boiling point solvent in which the polymer is effectively insoluble at room temperature. When the homogenous solution is cooled sufficiently fast to low enough temperatures, the liquid-liquid phase separation occurs via spinodal decomposition. This type of phase separation results in the formation of co-continuous phases. Upon further cooling, the matrix phase solidifies, e.g. by crystallization. The end result is a solid microporous polymer structure that retains the liquid diluent [1] .
In most applications the diluent is extracted leaving behind the open-cell microporous polymer skeleton. However, the present objective was to investigate the possibility of trapping larger amounts of an insect repellent in the polymer matrix for controlled release applications. It is also possible to dissolve repellent in suitable polymer matrices. In the loaded state such polymers are swollen by the dissolved insect repellent. So, over time, they will shrink in tandem with the release of the active. Such dimensional instability is undesirable in products such as insect repellent bracelets and anklets. In this study, the phase behaviour of mixtures of citronellal and linear low density polyethylene (LLDPE) was studied using thermal analysis techniques and modelled with Flory-Huggins theory. The objective was to see whether the TIPS process can be used to, in effect, convert citronellal liquid into a solid form by trapping it a microporous polyethylene matrix.
Experimental

Materials
Linear low density polyethylene (LLDPE) powder (Grade HR 411: MFI 3.5 @190 C, 2.16 kg); density 0.939 g cm 3 ; particle size: 90% < 600 m) was supplied by Sasol Polymers. According to the manufacturer, the number average molar mass (Mn) of this material was 50447 Daltons while the polydispersity index was 3.37. Citronellal (3,7-dimethyloct-6-en-1-al), ethanol (97%) and ethylene glycol were obtained from Merck Chemicals and used as received without further purification. According to the manufacturer the purity of the citronellal was > 93.5%. 
Methods
Microporous
Characterization
Differential scanning calorimetry (DSC)
All the samples were sealed in 50 L aluminium pans. Differential scanning calorimetry (DSC) was performed on a Perkin Elmer DSC 4000 instrument in a nitrogen atmosphere. The experimental protocol was as follows: Initial temperature of 30 °C; heated to 145 °C at a scan rate of 10 °C min 1 ; held at 145 °C for 5 min and cooled to 30 °C at a cooling rate of 10 °C min −1 , and then held at 30 °C for 5 min. This heating cycle was repeated at least twice at a faster heating rate of 40 °C min −1 before data collection commenced.
Hot stage optical microscopy (OM)
A Leica DM2500M optical microscope fitted with a Leica DFC420 video camera and
Linkam CSS 450 hot stage was used to determine the cloud point temperature (T cloud ). This was taken as the highest solution temperature where the onset of turbidity was observed.
Mixtures of LLDPE and citronellal were subjected to the same temperature scanning protocol used for the DSC data collection. The only difference was that the temperature cycle was repeated at least twice at a scan rate of 30 °C min −1 before data was recorded.
Field Emission Scanning Electron Microscopy (FESEM)
Samples prepared for determining quenching temperatures were repeatedly washed with acetone to remove the citronellal from the polymer matrix. They were then allowed to dry at ambient conditions. The dried samples cooled in liquid nitrogen and fractured. A graphite coating was deposited before they were observed with a Zeiss Ultra 55 Field Emission
Scanning Electron Microscopy at an acceleration voltage of 2 kV. 
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Phase diagram
The Flory-Huggins theory [9, 10] is one of the simplest theory describing the thermodynamics of polymer solutions. It is a lattice model in which it is assumed that each solvent molecule and polymer segment occupies exactly one lattice site. The Flory-Huggins model accounts for the effect of the great dissimilarity in the size of the polymer and solvent molecules on the entropy of mixing:
( 1) where is the molar Gibbs free energy of mixing; and are the moles of solvent and polymer present respectively; and are the volume fractions of solvent and polymer respectively is the Flory-Huggins interaction parameter; R is the gas constant and T is the absolute temperature. Equation (1) can be re-written as follows:
where ̅ is the Gibbs free energy of mixing per mole of lattice sites and x is the ratio of the polymer molar volume to that of the solvent:
where is the number average molecular weight of polymer, is the molecular weight of the solvent and and are the densities of solvent and polymer respectively.
Upper critical solution temperature (UCST) phase behaviour is well accounted for by Flory- Huggins theory with the interaction parameter χ exhibiting the following temperature dependence:
where A and B are constants and T is the absolute temperature.
The Flory-Huggins theory predicts the following for the critical point for the phase envelope:
Critical composition:
Critical value of the interaction parameter:
The critical temperature can then be determined from equation (4).
McGuire et al. [11] presented two equations that relate the tie line compositions with the interaction parameter. They provide a simple method for extrapolating the co-existence or binodal curve (liquid-liquid phase boundary):
where is the polymer's volume fraction in the polymer-poor phase and is the polymer volume fraction in the polymer-rich phase.
The experimentally determined cloud points were assumed to be representative of the coexistence curve compositions. The interaction parameters corresponding to each cloud point was the calculated by simultaneously solving equations (7) and (8) Given the experimental determination of the interaction parameter, it is possible to predict the spinodal curve using the following expressions:
Using all the above expressions, the binodal and spinodal coexistence curves were determined. They are plotted in Figure 5 along with the experimental cloud points. The generation of the coexistence curve in this manner is essentially an elegant curve fit based on the Flory-Huggins theory.
Melting point depression curve
Unfortunately it was not possible to experimentally verify the validity of the predicted spinodal curves at present. However, the applicability of the Flory-Huggins theory was checked by comparing the predicted melting point depression curve with experimental results. The former is done using the following expression [11] ,
where is the melting of the diluted polymer, is the melting point of the pure polymer and is the heat of fusion per mole of the volume segments. The phase diagram of Figure 5 shows that, as expected, the binary LLDPE-citronellal system features UCST-type phase behaviour. Experimental DSC peak melting points of the mixtures also coincided reasonably well with the predicted melt depression curve. Extrapolation of the binodal curve shows that at lower temperatures citronellal is very poorly soluble in LLDPE.
The spinodal phase separation region is reached at a temperature of ca. 96.3 C for an LLDPE concentration of 40 wt.%. However, since the phase separation is an exothermic event, the quench temperature should be set much lower in order to guarantee the formation of a microporous polymer. forces.
Effect of the quenching temperature on morphology
